We used reciprocal exclusions to test for indirect interactions between pocket gophers (Thomomys talpoides) and aboveground insects. Sucking insects occurred at higher densities on plants that were protected from grazing by gophers (P Ͻ 0.05), whereas chewing insects damaged plants that were browsed by gophers more than plants that were protected from gopher herbivory (P Ͻ 0.05). Pocket gophers foraged more in areas treated with insecticide (P Ͻ 0.05). These results indicate that aboveground insects and the northern pocket gopher interacted through their shared plant hosts.
Pocket gophers (Geomyidae: Rodentia) are 1 of several groups of fossorial vertebrates that have long been recognized as having a strong influence on their environment. These animals have been shown to alter microtopography (Inouye et al. 1997) and availability of soil nutrients (Huntly and Inouye 1988) . Furthermore, they alter plant species composition and can increase or decrease both plant diversity and biomass (Huntly and Reichman 1994; Martinsen et al. 1990) . Gophers also can influence other vertebrates or invertebrates in a community. For instance, presence of some species of grasshoppers (Huntly and Inouye 1988) and male meadow voles (Whittaker et al. 1991) has been positively correlated with gopher mounds, and gopher mounding has been shown to affect foraging patterns of voles (Klaas et al. 1998) . Although these effects of pocket gophers as ''ecosystem engineers'' (Jones et al. 1994 ) have received much attention, pocket gophers' role as a root grazer is not well understood.
Here, we examine effects of root grazing * Correspondent: huntnanc@isu.edu by pocket gopher, Thomomys talpoides, on insect herbivores that feed on aboveground parts of plants and the reciprocal effect of insect herbivory on pocket gophers. Gophers are widely distributed in the arid and grassland ecosystems of North America, and ecologically similar fossorial vertebrates feed on belowground parts of plants in South America, Asia, Africa, and Europe (Huntly and Inouye 1988; Huntly and Reichman 1994) . Thus, pocket gophers and similar animals might interact with herbivorous insects over broad areas and have significant effects on community processes. Although gophers and aboveground insects may never encounter each other directly, grazing can induce changes in a plant that influence other herbivores that feed on the same plant. Herbivory can cause a range of plant responses, including increases in soluble amino acids (White 1969 (White , 1984 , carbohydrates (Louda and Collinge 1992) , and secondary chemicals (Agrawal 1998; Augner 1995; Edwards and Wratten 1983; Green and Ryan 1972) , changes in water status and photosynthetic rates (Goldson et al. 1987; Risdill Smith 1977; Welter 1989) , and changes in carbon allocation (Bardgett et al. 1998; Goldson et al. 1988; Holland et al. 1996) . These changes in quality of host plants affect herbivores because their growth rates and fecundity, as well as their vulnerability to parasitism, predation, and disease, are all related to nutritional quality of their food plants (Rhoades 1983) .
Herbivory on roots can have effects that are different from those of herbivory on aboveground parts of a plant. Heavy grazing on belowground parts tends to cause high stress and decreased plant quality or even plant death (Brown and Gange 1990) . Less extreme root feeding, though, may simply interfere with water uptake and create low levels of water stress (Masters and Brown 1992; Masters et al. 1993) , which has been shown to increase available carbohydrates (Chapin 1991; Rhoades 1983) and soluble amino acids (Mattson and Haack 1987; Rhoades 1983; White 1969 White , 1984 , resulting in higher food quality of aboveground plant tissues. Loss of aboveground photosynthetic tissue decreases a plant's ability to fix carbon and tends to decrease the quantity of resources available to belowground herbivores (Seastedt et al. 1988 ). In addition, damage to leaves and stems may cause resources to be diverted to damaged tissues, depleting nutrient stores belowground (Hulme 1996) .
We used 2 separate exclosure experiments to study interactions between pocket gophers and aboveground insects. We predicted that simultaneous use of a plant by these 2 distinct types of herbivore would affect both insects and gophers. We hypothesized that insects that feed on aboveground parts of plants would forage more (and be more abundant) on plants that were subject to gopher herbivory because stems and leaves would be of higher quality in areas where plants experience moderate levels of stress from grazing of roots by pocket gophers. Conversely, we hypothesized that gophers would forage more in areas where densities of aboveground insects were decreased because we expected that roots and other belowground tissues would be of higher quality where less photosynthetic material was damaged or removed by aboveground insects.
MATERIALS AND METHODS
Study area.-We studied these interactions in southeastern Idaho (42Њ36ЈN, 112Њ48ЈW) at a site that had high gopher activity as indicated by fresh mounds and winter backfill. The site has a history of agricultural use but was last farmed in 1985 and has been left undisturbed since then. Vegetation at the site consisted of many alien species common throughout southeastern Idaho, although the landscape was dominated by mature big sagebrush (Artemisia tridentata). Other prevalent plant species included crested wheat grass (Agropyron cristatum), cheat grass (Bromus tectorum), sunflower (Helianthus annuus), prickly lettuce (Lactuca serriola), salsify (Tragopogon dubius), alfalfa (Medicago sativa), and sweet clover (Melilotus officinalis). Aboveground herbivorous insect families included Delphacidae (plant hoppers), Cicadellidae (leaf hoppers), Cercopidae (spittlebugs and froghoppers), Miridae (plant bugs), Berytidae (stilt bugs), Tephritidae (fruit flies), Otitidae (picturewinged flies), Pentatomidae (shield bugs), Mordelidae (tumbling flower beetles), Aphididae (aphids), and members of the order Orthoptera (grasshoppers). The northern pocket gopher was the only fossorial vertebrate in the community.
Exclusion of pocket gophers.-To determine effect of root herbivory on aboveground insects, we used small exclosures to physically block pocket gophers from feeding on roots of individual plants. We found a total of 60 young Fabaceae plants growing in the vicinity of the study area and transplanted these into 5-m radius plots that had signs of recent gopher activity (fresh mounds). M. sativa was common at the study site (14.4% of total live biomass) and was the target species for transplantation. But a portion of the transplants flowered at the end of the season (Ͻ50%), and these included some M. officinalis (Ͻ10% of those plants that flowered) that was distinguishable from M. sativa by its flower color. The 2 species were indistinguishable at the time of transplant (June 1998) and, therefore, should have been assigned to experi-mental treatments without bias. All transplants were collected from the same area and on the same day, and all were of similar size (Ͻ35 cm in height with Ͻ30 leaves). Both M. sativa and M. officinalis are legumes (family Fabaceae) with similar aboveground morphology and diffuse rooting systems. Thus, we assumed that any differences between treatments were due to effects of root caging and not to differences in presence of the 2 plant species.
Half the young plants were transplanted into steel 1.25-cm-mesh hardware-cloth cylinders that were 20 cm in diameter and 30 cm deep and enclosed the roots. Cylinders were larger than the root mass of a plant, protecting the entire root system from gopher browsing and allowing for growth. Cylinders were buried with their tops flush to the ground. Each protected plant was paired with a control plant that had no hardware-cloth cylinder and was planted less than 1 m from the exclosure plant. Three control and 3 exclosure plants were randomly located within each of 10 (5-m diameter) plots; plots were located within an area of visually similar vegetation and topography and separated by approximately 2-3 m. Plots and transplants were placed randomly with respect to gopher tunnel systems. After a 2-week acclimation period, insect herbivory was censused on these plots. Two weeks into the censusing, plants that had disappeared or died (6 exclosure, 9 control) were replaced with live plants. All the new transplants were taken from the same area as were the original transplants, and plants in both treatments were replaced at the same time.
Insect herbivory was quantified every 2 weeks from late June through mid-August in 2 ways. Sedentary insects, which remained in place during a census, were counted and identified on plants during each census. Vagile, chewing insects were difficult to count because of their higher rate of movement. Therefore, to measure herbivory by vagile insects, we quantified leaf damage as high (75% or more of a plant's leaves damaged), medium (Ͼ50% and Ͻ75%), or low (Յ50% of leaves damaged) based on a visual estimate of the amount of leaf area damaged or removed.
Exclusion of insects.-To determine the effect of aboveground insect herbivores on foraging by pocket gophers, we reduced insect densities in 16-m 2 plots using liquid carbaryl insecticide (Ortho Sevin, Solaris/Monsanto, San Ramon, California). Carbaryl is rapidly oxidized and decomposes quickly (half-life on fruit is 3-4 days- Kuhr and Dorough 1976) , and therefore we expected it to have no direct effect on the plant community or gophers. Twelve of the plots were treated weekly from May through August with insecticide (0.24% solution, 6 liters per plot), and an additional 12 plots served as controls. We sampled insects in each plot once during peak vegetative biomass (July) using 8 sweeps per plot. Insects were sorted to the lowest taxonomic unit necessary to determine an insect's mode of feeding. Insects were classified as chewing herbivores, sucking herbivores, and predators. Aphids were abundant and so were counted separately from other sucking herbivores. We also measured above and belowground plant biomass and nitrogen content of aboveground biomass in the plots to test for changes in the community of host plants in response to insect reductions. We clipped a total of 0.4 m 2 of vegetation from each plot at least 1 week after an insecticide treatment. The lag between spraying and sample collection was aimed at minimizing the amount of residual of the nitrogen-containing insecticide on the vegetation samples. Samples were sorted to species, dried, and weighed. Nitrogen content was determined using a Carlo Erba NA1500 combustion analyzer/gas chromatograph (CE Elantech, Lakewood, New Jersey) for triplicate subsamples of the plant samples for 3 randomly chosen insecticide-treated and control plots. We also sampled roots from 2 cores (5.08 cm in diameter and 15 cm deep) from each plot; these were taken from the same area from which vegetation was clipped. Cores were rinsed on a mesh screen, and roots were dried and weighed.
We used 2 measures of gopher activity to monitor pocket gopher response to insect removal: the production of gopher mounds and the removal of marked target plants. We mapped fresh gopher mounds weekly for a total of 11 weeks. Five T. dubius plants (chosen because of their appeal to gophers- Reichman and Smith 1985) were marked on each plot at the beginning of the growing season and monitored for signs of gopher foraging. When marked plants disappeared, gopher foraging was verified by checking the immediate area for subterranean feeding tunnels.
Hypothesis testing.-Because we expected that insects would forage more where gophers FIG. 1.-Weekly censuses of insect herbivores on plants protected from gopher herbivory and unprotected plants (mean ϩ SE) illustrate that densities of sedentary insects were only marginally higher on plants protected from gophers immediately after transplant; however, this effect became more pronounced the longer the experiment proceeded. Overall, numbers of sedentary insects (averaged over census periods during which a plant survived) were greater on plants protected from gophers.
were present and that gophers would forage preferentially where insects were excluded, 1-tailed tests were used to analyze herbivore response data (see below). Measures of plant responses to experimental treatments were analyzed using 2-tailed tests (see below).
Some plants died (experimental and control plants) or were removed by gophers (control plants only) during the gopher exclusion experiment, so we calculated the total number of insects counted on each plant and divided this by the number of censuses during which the plant was alive. These data could not be transformed to meet the normality assumption of parametric statistics, so we compared insect density on plants protected from root grazing by gophers with that on control plants using a 1-tailed Mann-Whitney U-test. We used a 1-tailed Pearson's chi-square test to determine whether median herbivory levels differed between plants exposed to and plants protected from root grazing by gophers.
Data from the insect reduction plots (insect density, aboveground plant biomass, and aboveground plant nitrogen) were log-transformed to meet normality assumptions. We compared densities of insects, grouped according to feeding morphology, using a multivariate analysis of variance (MANOVA). Plant biomass, by species, was also compared using a MANOVA. We used t-tests to compare differences in aboveground plant nitrogen levels and belowground plant biomass. The number of mounds produced and the number of T. dubius plants removed by gophers were compared between insecticidetreated and control plots using 1-tailed t-tests.
SPSS statistical software version 10.0 (SPSS Science, Chicago, Illinois) was used for multivariate tests; all other analyses were performed using Systat 10 (SPSS Science).
RESULTS

Response of insects to exclusion of pocket gophers.-Fewer transplanted plants died
in the caged-root treatments than in the open-root treatments (14 compared with 23 during the course of the study), suggesting that gophers grazed the roots of unprotected plants. But the stress of transplanting later in the season (replacing plants that had disappeared or died after 2 observations) affected plants in both treatments similarly; only 1 transplant per treatment survived until the end of the experiment. Sedentary and vagile insects responded differently to gopher exclusion. Immediately after transplanting, densities of sedentary insects were only marginally higher on plants protected from gopher herbivory; this effect became more pronounced the longer the experiment proceeded. Overall, numbers of sedentary insects (averaged over the entire experiment and adjusted for length of time each hostplant remained alive) were greater on plants protected from gophers (Mann-Whitney U ϭ 339.000, d.f. ϭ 1, P ϭ 0.044; Fig. 1 ). Three times as many sedentary insects were found on plants protected from gophers (151 compared with 53). Most of these were aphids, although a small percentage (11% on exclosure plants and 19% on control plants) were thysanopterans, lepidopteran larvae, coleopterans, hemipterans, acarians, or immature orthopterans. In contrast, damage from vagile insects was lower on plants that were protected from browsing by gophers ( 2 ϭ 4.819, d.f. ϭ 2, P ϭ 0.045). Fifty-seven percent, 23%, and 20% of the 30 caged-roots plants were in the low, medium, and high categories of damage, respectively, whereas 36%, 17%, and 47% of the 30 study plants with unprotected roots were in the same respective damage categories.
Response of plants and insects to insecticide treatment.-Neither individual plant species nor total aboveground plant biomass differed between the insecticide and control treatments (F ϭ 0.192, d.f. ϭ 7, 16, Pillai's trace ϭ 0.983; Table 1 [only overall data are shown]). There were also no differences in aboveground nitrogen levels or belowground biomass (%N, t ϭ 0.494, d.f. ϭ 4, P ϭ 0.647; standing crop N, t ϭ 0.946, d.f. ϭ 4, P ϭ 0.398; biomass, t ϭ Ϫ0.108, d.f. ϭ 20, P ϭ 0.915; Table 1 ). Aboveground nitrogen levels (plant % tissue N) ranged from 0.42-1.15% (for B. tectorum) to 1.34-3.51% (for M. sativa) on control plots; on treated plots values ranged from 0.56-1.05% (for B. tectorum) to 2.02-2.48% (for M. sativa). Insecticide treatments significantly reduced all insects except the aphids (F ϭ 28.506, d.f. ϭ 5, 18, Pillai's trace Ͻ 0.001). Aphid densities increased by 533% on plots treated with insecticide, whereas densities of chewing insects decreased by 91% on treated versus control plots, sucking insects other than aphids decreased by 88%, and predatory arthropods (including spiders) decreased by approximately 54% (Table 1) .
Response of pocket gophers to the exclusion of insects.-Production of gopher mounds did not differ between treatments (t ϭ 0.895, d.f. ϭ 22, P ϭ 0.191; Table 1 ). But pocket gophers took more T. dubius plants from plots that received insecticide treatment (t ϭ Ϫ1.764, d.f. ϭ 22, P ϭ 0.046; Table 1 ). Of the 45 marked T. dubius plants taken by gophers, 31% were removed from control plots, and 69% were removed from plots treated with insecticide. We located a feeding tunnel directly below or directly adjacent to the location from which each of the plants disappeared, indicating that all the plants were taken by gophers feeding belowground.
DISCUSSION
Response of insects to exclusion of pocket gophers.-Root grazing by pocket gophers affected the 2 groups of insect herbivores differently: sedentary insects preferred plants protected from root grazing by gophers, whereas vagile insects preferred plants subject to gopher grazing. The sedentary and vagile insects also represented different feeding guilds. Sedentary insects were sucking herbivores, whereas leaf damage estimated the relative densities of chew-ing insects. Thus, sucking insects preferred plants protected from gopher grazing and chewing insects preferred unprotected plants.
Although plant nutrients were not measured in this part of the experiment, we hypothesize that eliminating grazing on roots altered the quality of plants in a manner similar to that found by Louda and Collinge (1992) . They observed higher levels of isoleucine and soluble carbohydrates but found no difference in most nutrients, including total nitrogen, when they severed the lateral roots and rhizomes of bittercress (Cardamine cordifolia) plants. The insect responses to their experimental root-severing treatments were similar to the insect responses we observed to root-grazing treatments: plants with severed roots experienced increased herbivory by chewing insects but not by sucking insects. The consistency of the response when roots were severed (as in Louda and Collinge's study) and when plants were subject to browsing by gophers (as in our study) supports the interpretation that gophers grazed roots and that this affected plants and, indirectly, other herbivores. The preference of sucking insects for plants with protected roots suggests that soluble nitrogen levels did not increase with gopher foraging because phloem-feeding insects are especially sensitive to increases in soluble amino acids (McClure 1983) . The preference of chewing insects, however, suggests that some aspect of plant quality increased with gopher foraging. Together, these results show that gopher browsing influences distribution and local abundance of insect herbivores that feed aboveground.
Response of plants and insects to insecticide treatment.-The similarity between above and belowground biomass levels indicates that resources were available to herbivores in similar quantities on the plots of the 2 treatments and, therefore, suggests that differences in gopher foraging were due to changes in plant quality. Furthermore, the similarity of plant biomass and nitrogen levels across treatments suggests that the insecticide did not significantly alter the plant communities. But effect of the insecticide on the insect community was surprising. Densities of most insects were reduced by insecticide application, as would be expected, but aphids increased in abundance. This complicates interpretation of the response of gophers to the insecticide treatment (see below).
Response of pocket gophers to the exclusion of insects.-Whereas mound production did not differ between insecticide treatments, pocket gophers removed more than twice as many of marked T. dubius plants on the insecticide-treated plots as on the untreated plots. These data suggest that at the scale of the plots the production of gopher mounds did not correlate with gopher foraging (see Sparks and Andersen 1988) and that gophers foraged preferentially on plots treated with insecticide. The higher rates of herbivory by gophers on insecticide-treated plots suggest that plants in these areas were of perceptibly better quality. But the unexpected resiliency of the aphids made it impossible to determine whether pocket gophers responded to the decreased load of nonaphid aboveground herbivores, to the increased densities of phloem-feeding aphids, or to a combination of these two. Aphids cause less structural damage than do many other herbivores (Meyer and Root 1993) because they pierce plant tissues and directly tap plant nutrients rather than remove plant biomass (Van Emden 1972; Welter 1989) . Therefore, aphid feeding would be less likely to result in a shunting of nutrients from belowground storage to damaged aboveground tissues than would feeding by other aboveground herbivores. It is possible that aphid feeding increased plant quality; in removing phloem sap, aphids reduce plant water content and remove carbohydrates, potentially concentrating on plant nutrients and decreasing plant C : N ratios (Seastedt 1985) . Whatever the mechanism, the insecticide treatment resulted in a change in the loads of above-ground insects and led to increased gopher herbivory on T. dubius plants.
In summary, pocket gophers have been recognized for their obvious influences on their environment, such as mound production, burrow construction, and selective removal of plants. Our data illustrate that pocket gophers are also part of a more subtle plant-mediated interaction between herbivore groups. In response to pocket gopher foraging, damage from chewing insects increased, and densities of sucking insects decreased. Thus, pocket gophers influenced distributions of aboveground insects and affected the amount and type of damage sustained by the aboveground parts of plant hosts. At the same time, pocket gophers were sensitive to aboveground feeding by insects and fed disproportionately in areas with lower densities of nonaphid insects. These plant-mediated interactions may be important in affecting the structure of communities of above and belowground herbivores.
